In this paper, we built the Cu 2 O@Ag nanocomposites-catalyzed 3,3′,5,5′-tetramethylbenzidine (TMB)-H 2 O 2 system for sensitive, rapid, and low-cost colorimetric sensing of uric acid (UA). Firstly, Ag nanotriangles were synthesized by dynamic method, and then Cu 2 O was encapsulated on the nanoflakes to synthesize Cu 2 O@Ag nanocomposites. Characterization of the structure and morphology of nanocomposites material were characterized by transmission electron microscopy, X-ray energy-dispersive spectroscopy, X-ray diffraction and X-ray photoelectron spectroscopy. Cu 2 O@Ag nanocomposites could catalyze the oxidation of TMB by H 2 O 2 (which is produced by enzymatic oxidation of UA), and the color changes from colorless to blue can be observed directly with the naked eyes or can be detected by UV-Vis spectrophotometer. The colorimetric sensor provided a linear absorbance response in the 0.5-100 μM UA concentration range with a 0.4 μM detection limit (S/N = 3). The recovery of UA in human serum by the proposed sensor is over 95.7%. Thus, these results imply that the UA sensor provides an effective tool in fast clinical analysis of gout without the need for expensive and advanced equipment.
Introduction
Uric acid (2.6.8-trihydroxypurine, UA) is an important biomolecule in human body, and is often used as a diagnostic indicator [1] . The normal concentration of UA in human serum ranges from 130 to 460 μM [2] . Hyperuricemia is caused by increased UA secretion, which has been identified as a major contributor to gout [3] . However, hyperuricemia is often accompanied by hypertension, diabetes, kidney disease, obesity and coronary heart disease [4] . Therefore, the focus of the research is to develop a rapid sensor for monitoring UA levels in human body fluids for clinical examination and disease diagnosis.
A number of methods have been established for the determination of UA, such as electrochemical methods [5] , chromatography [6] , capillary electrophoresis [7] , fluorescence methods [8] , paper based technique [9] colorimetry [10] , and molecular spectroscopy [11] . Since the electrochemical methods and chromatography are time-consuming, expensive equipment, and inconvenient and easily interfered, these methods were often limited in use [12, 13] . Among these methods, the colorimetric method has raised widespread interest because of its easy identification of color changes, rapidity, convenience, high sensitivity, and low consumption [14] [15] [16] . Therefore, colorimetry has become an important part of analytical chemistry and has been widely used in environment, biology and medicine fields.
The metal-metal oxide nanocomposites are novel materials that can be used for catalysis [17] , energy storage [18] , electrochemical devices [19] , gas sensing [20] , etc. Compared with pure metal nanomaterials, they have more stable components, which expand the range of light absorption and reduce the recombination of photoinduced electron holes [21] [22] [23] . Recent studies have shown that Ag nanoparticles occupy a leading position in the sensor field due to their excellent electrical conductivity and large surface-to-volume ratio [24] . Cu 2 O nanoparticles have the advantages of remarkable catalytic activity, diverse morphology, good biocompatibility and low cost, which have been widely used in sensors, catalysis and solar cells [25, 26] . Therefore, we choose Ag nanoparticles and Cu 2 O nanoparticles to prepare Cu 2 O@Ag nanocomposites, which are widely concerned because they are superior to these two individual metal nanoparticles in terms of stability and activity [27] [28] [29] [30] [31] . The purpose of this paper is to explore the catalytic properties of Cu 2 O@Ag nanocomposites, especially the application prospects in the H 2 O 2 catalytic system.
Compared with the classical enzymatic oxidation of UA, the composite Cu 2 O@Ag prepared by us has higher sensitivity for the determination of uric acid in the system of 3,3′,5,5′-tetramethylbenzidine (TMB)-H 2 O 2 . There are sensitive and visible color changes by the naked eye. It is an improvement in clinical detection of UA.
In general, the method of synthesizing Cu 2 O@Ag nanocomposites is simple and novel. The reagents needed are commonly used in the laboratory and can be simply prepared in practical application. In this work, we fabricated a selective and sensitive colorimetric UA sensor based on Cu 2 O@Ag nanocomposites-catalyzed TMB-H 2 O 2 system. The mechanism is that UA is oxidized by uricase to produce H 2 O 2 , and Cu 2 O@Ag nanocomposites further catalyzes the decomposition of H 2 O 2 to form hydroxyl radical groups (·OH), which can oxidize TMB from colorless to blue [14, 31, 32] . Sensitive color change can be observed by naked eyes and has been successfully applied to actual sample detection of UA. What's more, compared to available assay kit, the proposed sensor exhibits many advantages such as good selectivity, cost-effective and rapid analysis.
Experimental

Reagents and Apparatus
Silver nitrate (AgNO 3 ), sodium citrate (Na 3 C 6 H 5 O 7 ·2H 2 O), hydrogen peroxide (30 wt% H 2 O 2 ), sodium borohydride (NaBH 4 ), cupric nitrate (Cu(NO 3 ) 2 ), polyvinylpyrrolidone (M w ≈ 55000, PVP) and hydrazine hydrate (50 wt%, N 2 H 4 ·H 2 O) were purchased from Aladdin chemistry Co. Ltd (Shanghai, China). 3,3′,5,5′-tetramethylbenzidine (TMB), uric acid (UA), uricase (500 U, enzyme activity: 11 units/mg), glucose (Glu), ascorbic acid (AA), cysteine (Cys), urea, glutathione (GSH) and dopamine (DA) were bought from Sigma-Aldrich. 50 mM HAc-NaAc buffer solution at pH 4.0, KNO 3 , Mg (NO 3 ) 2 , NaCl, and NH 4 Cl were achieved Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were analytical grade and did not require further treatment. Ultrapure water (18.25 MΩ, Millipore, USA) was used in the whole experiment. The morphology of the Cu 2 O@Ag nanocomposites were characterized by TEM (JEM-2100, JEOL Co., Japan). X-ray energy-dispersive spectroscopy (EDS, Oxford IncaEnergy 400, UK) was applied to elemental composition analysis of the nanocomposites. UV-Vis spectra measurements were recorded on 8453 UV-Vis spectrophotometer (Agilent Technologies, SantaClara, CA, USA). X-ray photoelectron spectroscopy (XPS) was carried out on EscaLab 250Xi with Al K α X-ray radiation as the source for excitation. The binding energies were calibrated by C 1 s (284.8 eV) and pass energy was 30.0 eV with spot size of 650 µm. X-ray diffraction (XRD, Bruker, Germany) was used to obtain the XRD patterns of the crystal structure of the samples. The biochemical analysis was measured by biochemical analyzer (AU2007, Beckman, Olympus, USA).
Synthesis of Triangular Ag Nanoparticles
The triangular Ag nanoparticles (T-Ag NPs) were synthesized by dynamic method [33] . Briefly, 50 μL 50 mM AgNO 3 , 0.5 mL 75 mM sodium citrate, and 60 μL 30% H 2 O 2 were added to the distilled water of 24.75 mL, stirring at room temperature, and 250 μL 100 mM NaBH 4 was added rapidly to the above solution. The color of the solution varied gradually from colorless, light yellow, deep yellow, red, purple, green to blue finally within 6 min, indicating the Ag triangular plates have been synthesized.
Synthesis of Cu 2 O@Ag Nanocomposites
In a typical experiment [33] , PVP (1.0 g) was added to Cu(NO 3 ) 2 (50 mL, 0.01 M) solution under strong stirring conditions. The prepared T-Ag NPs solution with the freshly diluted N 2 H 4 ·H 2 O (17 μL, 35 wt%) was immediately added to the mixtures, accompanied by changing the color of the solution from blue to yellowish green within 10 s. After stirring for 2 min, the production were centrifuged, washed repeatedly, and finally dried in a 60 °C vacuum dryer.
Colorimetric Measurement
A typical procedure for UA detection was described below. Firstly, 50 μL 100 μg/mL of uricase and 50 μL different concentrations of UA standard solutions were added to 2 mL standard centrifuge tubes [34] , and 100 μL of Britton-Robinson buffer (pH 8.5) were mixed in the above solutions and incubated at 35 °C for 15 min. Secondly, 200 μL 16 mM TMB, 200 μL 40 μg/mL Cu 2 O@Ag nanocomposites and 1400 μL 50 mM HAc-NaAc buffer (pH 4.0) were sequentially transferred in the above solution. The resulting mixtures were rocked and incubated at 45 °C for extra 40 min. Finally, the mixed solutions were scanned by UV-Vis spectrometer.
Plasma Serum Sample Collection and Pretreatment
Human blood plasma serum samples of gout patients were gathered from the Fourth Affiliated Hospital of Nanchang University (Nanchang city, China). The sample treatment was relatively simple. Under the 4000 rpm condition, the samples were centrifuged for 15 min, and the supernatant was diluted with PBS (pH 7.4). The analysis of each serum sample was repeated three times.
Biochemistry Analysis
The serum samples were centrifuged for 3 min at 4000 rpm. 5.6 μL serum was evenly mixed with uricase, 4-aminoantipyrine (4-AAP) and 3-diphenylamine disodium salt (MADB). The mixture was measured at 660/800 nm by the biochemical analyzer. In order to verify the principle of colorimetric sensor, UV-Vis spectra of TMB mixed with UA, uricase, T-Ag NPs, Cu 2 O, Cu 2 O@Ag nanocomposites, H 2 O 2 and other mixture substances have been compared respectively. As shown in Fig. 1 , there were no obvious absorption peaks of oxidized TMB at 652 nm when TMB was mixed with only the one of the above substances (a, b, c and d). In addition, the spectral curves of T-Ag NPs and Cu 2 O nanoparticles [35] separately with UA and uricase (e and f) shows an increase in absorbance, indicating that both T-Ag NPs and Cu 2 O have catalytic activity. Interestingly, higher absorption peaks can be clearly seen from the curves (g and h), which represents TMB + UA + uricase + Cu 2 O@Ag and TMB + H 2 O 2 + Cu 2 O@Ag, respectively. It is because that Cu 2 O@Ag nanocomposites with porous structures can provide more active sites and make their catalytic activity much better than that of individual T-Ag NPs or Cu 2 O. Meanwhile, this also indicates that the catalytic effect of Cu 2 O@Ag on H 2 O 2 and TMB is the same as that on UA, uricase and TMB. The results of the entire validation experimental prove that UA was first oxidized by uricase to produce H 2 O 2 , which was then further utilized as an oxidant to oxidize TMB by catalyze of Cu 2 O@Ag nanocomposites. So, we also can see that there is an obvious color change from colorless to blue from Scheme 1.
Results and Discussion
Principle of Colorimetric Sensor
( 
Characterization of Cu 2 O@Ag Nanocomposites
The morphologies of T-Ag NPs and Cu 2 O@Ag nanocomposites were carried out using TEM (Fig. 2 ) in detail. The T-Ag NPs shown in Fig. 2A were nearly triangular in shape and more clearly shape in the illustrations. When Cu 2 O encapsulated T-Ag NPs, as shown in Fig. 2B , the morphology of the Cu 2 O@Ag nanocomposites changed round with rough surfaces and irregular shapes. The inset analyzes the microscopic geometry of Cu 2 O@Ag nanocomposites. It is clear from the image that Cu 2 O tightly encircled Ag NPs and formed a nanocomposite. The EDS analysis is a method to characterize the elemental composition. Figure 2c reveals the EDS spectrum of Cu 2 O@Ag, verifying the presence of O, Cu and Ag in the Cu 2 O@Ag nanocomposites.
The typical XPS survey scan spectra have been employed as an effective way to study the chemical bonding environment and the states of elements in Cu 2 O@Ag nanocomposites. As shown in Fig. 3a , the complete survey XPS spectrum reveals that the prepared Cu 2 O@Ag nanocomposites is mainly composed of Ag, Cu, and O elements, which is in line with the results of EDS analysis. The Ag 3d XPS spectrum is displayed in Fig. 3b , and the two major peaks with the binding energies at 374.4 and 368.4 eV are attributed to the binding energies of Ag 3d 3/2 and Ag 3d 5/2 , respectively, which proves that Ag and Ag + exist. Presumably it was caused by the incomplete reaction of AgNO 3 . As shown in Fig. 3c , the binding energies of the XPS peaks of Cu 2p 1/2 and Cu 2p 3/2 , located at 944.4 eV and 932.4 eV, respectively. The Cu 2p 3/2 peak is divided into 932.39 and 934.45 eV, and the Cu 2p 1/2 peak is divided into 941.20 and 944.11 eV, respectively. The peak at 932.39 eV is attributed to Cu + , whereas the peaks at 934.45, 941.20 and 944.11 eV are attributed to Cu 2+ [36] . Cu 2 O is very easy to oxidize to Cu 2+ in the air. However, the molar content ratio of Cu + /Cu 2+ is calculated to be 68.7% in Cu 2 O@Ag according to the areas of divided peaks. In Fig. 3d , the O 1 s peaks at binding energies of 532.17 eV and 531.21 eV, which put down to the oxygen in the -OH and lattice Cu 2 O, respectively [33] . 
Optimization of Method
As we know, enzymatic oxidation of UA is a very old technique first reported in 1909 by Battelli and Stern [39] . The optimum condition of this reaction should be found in the global knowledge base [14, 40] . So the optimal pH for 8.5, temperature for 35 °C and time for 15 min respectively are further used in the experiment.
In order to obtain the optimal sensing response toward UA, the catalytic activity of Cu 2 O@Ag was optimized, including the experimental parameters such as the pH value, temperature, time, Cu 2 O@Ag concentration, and TMB concentration. Since the oxidation process of TMB in acidic condition is better than that in alkaline condition, the optimization of pH is performed under acidic conditions. The optimum value of the reaction parameters can be determined by the relative activity, which was represented by (A-A 0 )/A (A and A 0 are the absorbance in the presence and absence of UA, respectively). As shown in Fig. 4a , the relative activity increase firstly and then gradually decrease with the pH value (3.5-6.5) with temperature for 45 °C and time for 60 min. When pH is 4.0, the relative activity reaches the maximum. We measured the catalytic activity of the Cu 2 O@Ag while varying the temperature from 25 to 60 °C with pH for 4.0 and time for 60 min and the time range of 0-80 min with pH for 4.0 and temperature for 45 °C. As shown in Fig. 4b, c , the relative activity achieved a maximum value at temperature 45 °C and 45 min, respectively. At the same time, the concentration of Cu 2 O@Ag and TMB had a significant influence on the response of the sensor as well. Optimizing a series of Cu 2 O@Ag concentrations for the detection of UA (Fig. 4d ). In the range of 10-40 μg/ mL of Cu 2 O@Ag concentration at optimal conditions, the relative activity increased gradually. After 40 μg/mL, the relative activity decreased. Hence, 40 μg/mL was selected as the best concentration of Cu 2 O@Ag. Figure 4e depicted that the relative activity increases with increasing TMB content until saturation is reached. It is worth noting that when the TMB concentration is greater than 1.6 mM, the reaction solution starts to turbid due to the low solubility of TMB in the aqueous phase. As a result, the best TMB concentration of 1.6 mM was used in the following measurements.
Linearity and Detection Limit
We further studied the linear range and sensitivity of the proposed UA sensor. As demonstrated by Fig. 5a , the absorbance at 652 nm increases along with the increasing UA concentration. Furthermore, a excellent linear relationship between the ΔA (ΔA = A − A 0 , A is the absorbance of oxidized TMB at 652 nm in the presence of UA, and A 0 is in the absence of UA) and the UA concentration ranging from 0.5 to 100 μM is observed (Fig. 5b) . The linear equation can be expressed as follows: ΔA = 0.0033C + 0.0097 (μM) (R 2 = 0.992), and the limit of detection (LOD) was 0.4 μM (S/N = 3). Moreover, we can also observe the obvious color change (colorless → blue) with the naked eyes ( Fig. 5c ). Table 1 summarized the analytical parameters of various UA sensors. The comparison shows that this method can achieve relatively good results, high sensitivity and low detection limit.
Determination of the Selectivity of the Method
In order to estimate the selectivity of the proposed UA sensor, several potential chaff interferent in human serum, including cysteine, ascorbic acid, glucose, etc. [14] . were examined. As shown in Fig. 6a , the interfering species are negligible compared with the UA, demonstrating the method is highly selective for detecting UA. Furthermore, Fig. 6b indicated UA and uricase in the presence of various interferents. These results demonstrated that the sensor has a special response to UA, regardless of whether there is an interfering substance or not. 
Application to the Detection of UA in Human Serum
In order to research the feasibility of the UA sensor, we used proposed method and biochemistry analyzer to detect five human serum samples of gout patients. The measured values of the two methods were consistent ( Table 2 ). The average relative error of the two methods was 2.7%, which means that the developed sensor has good accuracy for the detection of UA in human serum samples. As shown in Table 2 , the percent of recovery UA of our method was found to be between 95.7% and 103.2%, and the relative standard deviations (RSD, n = 3) of the five samples were found within 3.0%. These experimental results displayed that the colorimetric sensor for the detection of UA has great practical value in clinical application.
Conclusions
A colorimetric sensor for rapid, sensitive and cost-effective determination of UA was structured based on Cu 2 O@Ag nanocomposites-catalyzed TMB-H 2 O 2 system. The method exhibited remarkable linear dynamic range with UA concentration 0.5-100 μM, and the LOD is 0.4 μM. The proposed sensor gave high selectivity in the presence of potential interfering substances. It was used for the test of human serum samples and exhibited satisfactory results. This strategy offered a promising candidate for UA quantitative detection in the biological analysis and clinic diagnosis. 
